Abstract: Speech sounds convey information about the size of the speaker. Several studies have demonstrated that human vowel recognition is possible even for an unnatural size range, and have revealed that size factor normalization can be achieved automatically in the auditory system. In this study, we further investigated the characteristics of the size normalization process, using vowel sequences with temporal changes in the speaker size. In the current experiments, listeners were presented with six-vowel sequences in which the vocal-tract length was alternated vowel by vowel. The experimental results for the identification of the vowel sequence showed that it was increasingly difficult for listeners to identify vowels in the correct order as size alternation was applied with a higher speed and to a larger degree. However, they showed the high performance of vowel recognition when serial order judgment between vowels was not required, and in this case the performance deterioration caused by size alternation became small. The observed deterioration of sequence identification is likely to have been caused not by a failure in size normalization in the auditory system but because of a difficulty in judging the serial order between vowels in the sequence with rapid size changes. The results suggest that the auditory system has a fast process for normalizing speaker-size information and that it operates appropriately even when a sequence contains the temporal alternation of vocal-tract length.
INTRODUCTION
Natural sounds contain information about the size of the sound source. For example, the formant frequencies of vowel sounds decrease as the vocal tract length (VTL) increases with human growth [1] [2] [3] . Irino and Patterson [4] have hypothesized that the auditory system automatically extracts and normalizes the size information from sounds, and thereby enhances both the perception of speaker size and speech recognition. Recently, several psychophysical studies have demonstrated that the human auditory system has a general mechanism for the size extraction and normalization [5] [6] [7] [8] . It was also shown that listeners were able to recognize vowels or musical instruments in which the size factor was scaled well beyond its normal range [5, 8] . These studies indicate that size normalization operates automatically before vowel (or musical instrument) recognition, and does not depend on listening experience. The findings were obtained using the sounds that were synthesized as if the sound sources have constant resonant size.
The purpose of this study was to further investigate this ability of size normalization in the auditory system, using vowel sequences with temporal changes in the VTL. Although size variation within the same utterance is unnatural in terms of vocal production, such sounds serve as good stimuli for investigating the characteristics of the size normalization process.
Recently, Tsuzaki et al. [9] investigated the effect of VTL modulation on the identification of vowel sequences in which the VTL was temporally modulated sinusoidally. They showed that listeners correctly identified over 90% of sequences at all modulation rates, suggesting that size normalization operates appropriately even for vowel sequences with temporal changes in VTL.
They had expected that the vowel recognition performance would deteriorate as the modulation was applied at a faster rate, assuming that it would become difficult for the auditory system to follow the fast changes in VTL. The performance, however, did not show a simple monotonic relationship with the modulation rate; the performance deteriorated as the modulation rate increased, but for modulation rates above 4 Hz, the performance recovered. It was difficult to clarify the type of change in VTL that affected the vowel identification because the VTL modulation was applied independently of the duration of each vowel. That is, in some cases, modulation occurred within a vowel, and in other cases, a slow modulation was applied extensively over several vowels and the change in VTL was different between the vowels.
As an extension of the experiment by Tsuzaki et al., in the current experiments, we modified the paradigm by using vowel sequences whose VTL was alternated vowel by vowel. Thus, in the sequences the information about vocal-tract shape and length was changed simultaneously. Such sequences will be referred to as size-alternated vowel sequences in the following.
EXPERIMENT 1: SEQUENCE IDENTIFICATION IN SIZE-ALTERNATED VOWEL SEQUENCE
In this experiment, we investigated listeners' ability to identify size-alternated vowel sequences. If size normalization in the auditory system operates sufficiently fast, it is expected that listeners will be able to identify vowel sequences even with size alternation.
Method
In this experiment, listeners were required to identify a whole sequence comprising six vowels by giving each vowel in the correct order.
Stimuli
We used 40 vowel sequences of six-vowel sounds, and each sound was one of five vowels (/a/, /e/, /i/, /o/, and /u/), as shown in Table 1 . All five vowels appeared at least once in each sequence. The last vowel was always the same as the first vowel. The sequences were generated by concatenating five dual vowels with a gradual spectral transition to minimize stream segregation caused by unnatural acoustical discontinuities, as argued by Dorman et al. [10] The original dual vowels were spoken by a Japanese male speaker. An example of a concatenated vowel sequence is shown in Fig. 1(a) . In this case, the sequence /uaoieu/ was generated using the five dual vowels of /ua/, /ao/, /oi/, /ie/ and /eu/. For example, to generate the sequence /uao/ by concatenating /ua/ and /ao/, the vowel /a/ is gradually changed from /a/ of /ua/ to /a/ of /ao/ by interpolating parameters frame by frame. In this way, the stimuli contained no abrupt changes in the fundamental frequency (F 0 ) or in the spectrum upon concatenation. The F 0 contour had the natural fluctuations. The average F 0 value was approximately 110 Hz in all sequences.
The average duration of vowels in the original sample was approximately 340 ms. Because the sequence generated using the original duration sounded unnaturally slow in a preliminary listening, the duration was manipulated by removing the frame data of the vowels using a STRAIGHT vocoder [11, 12] , and it was set to 85 or 170 ms per vowel on average. The former is referred to as the ''fast'' condition and the latter as the ''slow'' condition in the following sections.
The modification of speaker size was performed by scaling the VTL factor of the vowels because listeners' estimates of speaker size are highly correlated with VTL [13] . The scaling was performed using STRAIGHT, which analyzes an utterance at the level of individual glottal cycles and extracts spectral envelope information (i.e., information about vocal-tract shape and length) independent of the glottal pulse rate. The vocal-tract shape determines which vowel type is encoded by the shape of the spectral envelope; VTL determines the scale of the pattern. The VTL of a speaker can be scaled by compressing or dilating the spectral envelope of the speech along a linear frequency axis.
In this experiment, we used nonalternated and sizealternated vowel sequences. The VTL value of each vowel in the sequence was described by the VTL ratio, that is, the ratio of the unit on the new frequency axis to that on the axis associated with the original sound. The original VTL was set to a VTL ratio of 1 (or 0 octave). A VTL ratio of less than 0 octave indicates a lengthening of the vocal tract, and a VTL ratio greater than 0 octave indicates a shortening of the vocal tract. For the nonalternated condition, the VTL ratio was constantly set to 0 octave ). Therefore, the range of the VTL ratio was 0.5 or 1 octave. In the transition between successive vowels, the VTL ratio changed gradually, as shown in the upper panel of Fig. 1(b) , to avoid unnatural discontinuity between vowels owing to an abrupt change in VTL. This was achieved by changing the VTL value in accordance with a sigmoid function with a time constant of 5 ms.
The speaker who uttered the original speech samples (i.e., dual vowels) was 177 cm tall. On the basis of the study by Fitch and Giedd [1] , who investigated the relationship between the height and VTL of speakers, the VTL or the speaker is estimated to be approximately 15 cm. Hence, it is expected that the VTLs were in the range from 10.6 to 21.2 cm in this experiment.
Listeners and procedure
Eight listeners, aged between 18 and 26, participated in this experiment and were paid for their participation. All of them reported no history of hearing impairment. Four listeners were assigned to the slow condition and the other four were assigned to the fast condition. One listener was the first author; all the other listeners were unaware of the purpose of this experiment.
The listeners were seated in a sound-attenuating booth and were presented stimuli through headphones at a level of approximately 55 dB SPL on average. The presentation level varied in intensity within AE3 dB in each trial. The listeners' task was to identify all six vowels in correct order by selecting appropriate virtual buttons labeled with the five vowels (''a,'' ''e,'' ''i,'' ''o'' and ''u'') on a graphical interface, as shown in Fig. 2 . Under the five buttons, the ongoing response was displayed visually. Listeners were able to correct inputting errors and reselect buttons until they clicked the ''OK'' button. They were allowed to listen to each sequence only once per trial. No feedback was given after each response.
Each experimental session consisted of 200 trials [40 nonalternated stimuli and 160 size-alternated stimuli (40 vowel sequences Â 2 ranges of VTL ratios Â 2 initial VTL ratios (i.e., short or long VTL)] and the order of the trials was randomized. There were ten repeated sessions. It took approximately 35 min to complete each session. All the stimuli were synthesized in advance on a workstation (Apple PowerMac G5) with 16-bit quantization and a sampling rate of 48 kHz. They were presented through headphones (Sennheiser HD 600 amplified with Luxman P1) to the listeners using a digital signal processing (DSP) system controlled by a workstation (SimbolicSound Capybara 350 + Apple iMac G5). 
Results and Discussion
The vowels in the initial and final positions were discarded from the following analysis because of the potential primacy and recency effects in the serial presentation. Figure 3 shows the percentage of correctly identified sequenced for each listener. The data show that the performance levels differed between listeners but that a similar pattern occurred across listeners in terms of the effect of the range of the VTL ratio; the performances are best when the range of the VTL ratio is 0 octave (i.e., the nonalternated condition), and they deteriorate progressively as the range of VTL ratio (i.e., the difference in VTL) increases for both speed conditions. Figure 3 also shows that it was difficult for some listeners to identify vowel sequences even under the nonalternated condition. This suggests that uncontrollable factors other than size alternation, such as the limitation of the speed of encoding the vowel sequence and the difficulty of retrieving the memory trace for the sequence, affected the individual performance level for this task. To avoid the contaminating effects of these factors on the identification performance, identification scores were normalized; the normalized correct score, S NC , was calculated as a function of each vowel sequence, j, by
where the subscript i represents the listeners. PðC i; j Þ represents the correct response rate of the ith listener for the jth vowel sequence at a certain range of the VTL ratio, while P ref ðC i; j Þ represents the corresponding correct response rate for the sequence with no size alternation. Figure 4 shows the normalized scores averaged across vowel sequences. This figure, as well as Fig. 3 , shows a size-alternation-induced performance deterioration, which increased as size alternation was applied with higher speed and a larger VTL difference (range of VTL ratios). To assess whether there was any systematic deviation between the two ranges of the VTL ratio across alternation speeds, a two-way analysis of variance (ANOVA) was performed on the normalized correct scores, excluding those for the nonalternated condition. The normalized score was averaged over all listeners. The main factors were the range of the VTL ratio (0.5 vs 1 octave) and the alternation speed (fast vs slow). The ANOVA revealed highly significant effects of both the alternation speed and the range of the VTL ratio [Fð1; 156Þ ¼ 59:56; p < 0:001; Fð1; 156Þ ¼ 251:35; p < 0:001, respectively]. Furthermore, the interaction between them was significant [Fð1; 156Þ ¼ 9:6616; p < 0:01].
It is noteworthy that several listeners reported that they could not hear the alternated sequences as a coherent stream of vowels uttered by a single speaker. Many of them considered that the stimuli sounded as if two different person were speaking different vowels simultaneously. This suggests that the size alternation induced auditory stream segregation. This possible segregation might have affected the performance of sequence identification, as discussed in the following section. It has been argued that it becomes difficult to compare the timing of sound elements in different streams if a sound sequence is segregated into two or more perceptual streams [14] [15] [16] . Accordingly, a task requiring judgments of the timing or rhythm of sounds in a sequence may be more difficult if the sound elements are heard as belonging to different streams rather than if they are heard as belonging to a single stream [17] [18] [19] . Similarly, in the current experiments, it might have been difficult for listeners to judge the correct order of vowels in the size-alternated sequence when the sequence was perceptually segregated into two streams (i.e., one from a larger speaker and another from a smaller speaker).
In fact, the current result indicated that listeners often misjudged the serial order of the vowels although they selected the correct four vowels. More than half of the incorrect responses could be categorized as such a misjudgment of the serial order. To elucidate the effect of the serial order judgment on the sequence identification for each stimulus condition, we calculated the percentage of incorrect order judgments of the vowels in all listeners' answers. These scores are displayed in Table 2 . The data show that the percentage of incorrect order judgments increased progressively with increasing difference in VTL of the vowels. This indicates that some of the deterioration in the performance of sequence identification may be caused by the difficulty in judging the serial order of vowels.
In addition to the difficulty of serial order judgment, the deterioration of sequence identification caused by size alternation give rise to the following two hypotheses. The first hypothesis (H1) is that human vowel recognition is not robust to size modification (size manipulation), regardless of whether or not the vowel sequence had a temporal change in VTL. In this experiment, the VTL was scaled over the range of normal male speakers. The human performance of vowel recognition might deteriorate as the VTL ratio deviates from that of a normal speaker. We consider that this hypothesis is not plausible on the basis of the observation by Smith et al. [5] that listeners were able to recognize vowels in which the VTL was scaled over the range used in this experiment. However, it is necessary to retest this hypothesis under the current experimental setup.
The second hypothesis (H2) is that the auditory system cannot appropriately normalize size information for unnatural speech sounds such as size-alternated vowel sequences. If so, it would become difficult for listeners to identify each vowel in a size-alternated sequence even when the serial order judgment between vowels is not required.
To test these hypotheses, we performed Experiments 2 and 3.
EXPERIMENT 2: SEQUENCE IDENTIFICATION IN SIZE-FIXED VOWEL SEQUENCE
The purpose of this experiment was to test the hypothesis (H1) that the deterioration of the sequence identification in Experiment 1 was simply caused by size modification. In contrast to Experiment 1, where VTLs were alternated vowel by vowel, the current experiment used vowel sequences in which VTL was scaled in the direction of either large or small. These stimuli are hereafter referred to as ''size-fixed'' vowel sequences. If the auditory system is robust to size modification, it is expected that listeners will be able to identify a size-fixed vowel sequence with any VTL value. If not, the identification performance should deteriorate as the VTL ratio deviates from that of a normal speaker.
Method

Stimuli
This experiment also used the 40 vowel sequences shown in Table 1 . The original speaker was the same as that in Experiment 1. Each vowel sequence was resynthesized using the STRAIGHT vocoder. The sequences had no size alternation, and each sequence had one of five VTL ratios (À0:5, À0:25, 0, 0.25, 0.5 octave). The VTL range was the same as that in Experiment 1. The same sequence speed as in Experiment 1, i.e., either 85 ms (fast condition) or 170 ms (slow condition) per vowel, was used.
Listeners and procedure
Eight listeners, aged between 18 and 26, participated in this experiment. One listener was the first author; all other listeners were unaware of the purpose of this experiment.
All experimental procedures were the same as those in Experiment 1. Each experimental session consisted of 200 trials (40 vowel sequences Â 5 VTL ratios) in random order. There were ten repeated sessions. Figure 5 shows the percentage of correctly identified sequences. The data were averaged across listeners because the scores exhibited very similar patterns between listeners. The data show that listeners correctly identified over 80% of sequences under any condition.
Results
The data also show no significant effect of either the speed or the VTL ratio of the sequence. This result is consistent with the observation of Smith et al. [5] that human vowel recognition is robust to changes in VTL. This contradicts hypothesis (H1) that the size modification affected the identification of the size-alternated vowel sequences in Experiment 1. Therefore, we infer that the performance deterioration of sequence identification was caused by the temporal change (i.e., temporal alternation) in VTL.
EXPERIMENT 3: DETECTION OF A TARGET VOWEL IN SIZE-ALTERNATED VOWEL SEQUENCE
The purpose of this experiment was to investigate whether the auditory system appropriately normalizes size information of each vowel in a size-alternated vowel sequence. In Experiment 1, we suggested that the serial order judgment between vowels in the sequence affected the listener's performance of sequence identification. To focus on the operation of size normalization, in this experiment we used a target detection paradigm that does not require serial order judgment. If size normalization operates appropriately for a size-alternated vowel sequence, it is expected that listeners will be able to recognize each vowel in the sequence and detect the target vowel under all size-alternated conditions.
Method
In this experiment, listeners were presented with a vowel sequence with or without a target vowel, and they were required to judge whether or not the target vowel was contained in the sequence. 4.1.1. Stimuli Half the vowel sequences were the 40-vowel sequences shown in Table 1 . They are referred to as ''positive'' stimuli. The target vowel was set as the third or fourth vowel in the positive sequence. In addition to the positive stimuli, 40 other vowel sequences were used in which the target vowel in the positive stimuli was replaced by a different vowel. They are referred to as ''negative'' stimuli. The replaced vowel had the following restrictions: (a) it was not the first (or last) vowel; (b) it was neither the preceding nor the following vowel to minimize changes in the overall stimulus characteristics. For example, if the positive stimulus was ''uaoieu'' with the third vowel ''o'' being the target vowel, the negative stimulus was ''uaeieu.''
Size alternation was applied in the same manner as Experiment 1 and the range of the VTL ratio was set to 0, 0.5 or 1 octave. The alternation speed was also the same as that in Experiments 1 and 2.
Listeners and procedure
Eight listeners, aged between 18 and 24, participated in this experiment. All the listeners were unaware of the purpose of this experiment. Four listeners were assigned to the slow condition and the other four were assigned to the fast condition.
A single-interval, two-alternative, forced-choice paradigm (2AFC) was used to measure the performances of vowel detection. Two seconds before a stimulus was presented, the target vowel was presented on a graphical interface as ''a,'' ''e,'' ''i,'' ''o,'' or ''u.'' Then the listeners were presented with a positive or negative stimulus once through headphones. They were required to judge whether the target vowel was included in the presented stimulus by selecting one of two buttons labeled ''Yes'' and ''No.'' Feedback was given after each response.
The listeners were not told in advance the position in the sequence where the target vowel would appear. Therefore, they had to listen to all six vowels in the sequence carefully.
One experimental session consisted of 480 trials [40 vowel sequences Â 3 ranges of VTL ratio Â 2 target conditions (positive or negative) Â 2 target positions]. The order of the trials was randomized. There were ten repeated sessions. Each session took approximately 70 min to complete. Figure 6 shows the percentage of correctly detected target vowels. Data were averaged across listeners because the results were similar among the listeners. The data show that listeners were able to detect a target vowel with a correct rate of above 80% under most stimulus conditions. This high performance indicates that listeners were able to recognize each vowel in a size-alternated sequence.
Results and Discussion
The figure also shows that the performance under the nonalternated condition was much higher than that in Experiment 1. This suggests that the difference in the task difficulty between experiments affected the performance.
To determine the effect of size alternation on the detection performance, the normalized correct scores (Eq. (1)) were calculated and the mean scores are plotted in Fig. 7 . The figure shows that the effect of the range of the VTL ratio was small, particularly for the slowly alternated condition. This suggests that a large change in VTL in the vowel sequence does not have a strong effect on target detection tasks that do not require the serial order judgment of the vowels, indicating that the processing for size normalization is robust to the temporal alternation of VTL. Thus, we reject the hypothesis (H2) that the auditory system cannot normalize size information in a sizealternated sequence.
On the other hand, Fig. 7 indicates a slight tendency for the performance to deteriorate with size alternation. The two-way ANOVA of the normalized correct scores revealed significant effects of the alternation speed and the range of VTL ratio [Fð1; 156Þ ¼ 204:93; p < 0:001; Fð1; 156Þ ¼ 123:77; p < 0:001, respectively]. The interaction between them was marginally significant [Fð1; 156Þ ¼ 3:8891; p ¼ 0:0504]. One possible explanation of these effects is that the auditory system cannot immediately adapt to every abrupt size change but requires a certain time to follow the size change. For example, the performance of size normalization may decrease as size alternation is applied with a higher speed and a larger VTL difference, which may induce the deterioration of vowel recognition. The observed effect of size alternation on target vowel detection may reflect this temporal characteristic of the size normalization process.
GENERAL DISCUSSION
5.1. Intrinsic Size Normalization Process in the Auditory System In Experiment 3 a high performance of target vowel detection was observed. In addition, the performance deterioration by size alternation was small. This is consistent with the observation by Tsuzaki et al. [9] that listeners were able to recognize vowels with temporal changes in VTL.
In the current experiments, the stimuli had the following two unnatural traits relative to normal vowel sounds: (a) VTL was scaled beyond the range of normal male speakers; (b) VTL was alternated vowel by vowel. Even for such vowel sequences, of which listeners had no listening experience, Experiment 3 showed that listeners were able to recognize the target vowel in the sequence. This suggests that the auditory system has an intrinsic mechanism for size normalization that does not require a learning or patternmatching process, and thereby enhances vowel recognition performance. This is consistent with the hypothesis by Irino and Patterson [4] and the suggestion by Smith et al. [5] that the auditory system automatically normalizes the speaker-size information in speech sounds.
Furthermore, size normalization appears to operate fairly rapidly. The high performance of target vowel detection in Experiment 3 may reflect the fact that the auditory system can follow large and rapid changes in VTL every 85 ms or 170 ms, and thereby perform the appropriate size normalization and vowel recognition. stream segregation of the vowel sequence occurred. That is, the auditory system might have interpreted the sizealternated sequence as two streams uttered by two speakers with different VTL. In fact, the conditions under which the current stimuli were presented appeared to have led to stream segregation of the vowel sequence. The size-alternated stimuli had a VTL difference of 0.5 or 1 octave (41% or 100% VTL difference) between the successive vowels. These differences would be sufficient to perceive a difference in speaker size because listeners are able to discriminate the speaker size from a VTL difference of less than 10% [5] . Moore and Gockel [20] suggested that any sufficiently salient perceptual difference may induce stream segregation. Therefore, it is possible that listeners heard the sizealternated stimuli as two different speakers uttering different vowels simultaneously.
If the auditory system segregates the size-alternated sequence into two perceptual streams on the basis of speaker size, it would indicate that the auditory system can extract speaker-size information from vowels of 85 ms or 170 ms duration. It is likely that the size is one of the most important features of a sound source and that the auditory system has a sensitive and ingenious mechanism for processing temporal size changes.
SUMMARY AND CONCLUSION
It was hypothesized that the auditory system has a general mechanism for normalizing the speaker-size information before it recognizes vowels [4] . In this study, we investigated whether size normalization operates appropriately even for vowel sequences with temporal changes in VTL. The main findings are as follows.
(1) Listeners were able to recognize individual vowels in a size-alternated vowel sequence. This suggests that human vowel recognition is robust to size alternation and that the size normalization operates appropriately even for the vowel sounds with unnatural changes in VTL. (2) It became increasingly difficult for listeners to identify vowels in a sequence in the correct order with increasing alternation speed and larger changes in VTL. This suggests that size alternation in a vowel sequence affects the listener's judgment of the serial order between vowels in the sequence.
